A novel poly [2,5-(1,3,4-thiadiazole)-benzalimine] abbreviated as TDPI adsorbent was synthesized using simple polycondensation technique. The synthetic route involves the preparation of 2,5-diamino-1,3, 4-thiadiazole from 2,5-dithiourea and subsequent condensation with terephthalaldehyde. The resin was chemically characterized using Fourier transform infrared (FT-IR), 1 H-NMR, and 13 C-NMR spectroscopic analysis. Surface morphology and thermal stability were analyzed using scanning electron microscopy (SEM) and thermo-gravimetric analysis (TGA). The effect of the pH value of solution, contact time, adsorbent dose, and initial metal ion concentration were investigated by batch equilibrium adsorption experiments. Kinetic studies show that the adsorption of metal ions onto the resin proceeds according to the pseudo-second-order model and the equilibrium data were best interpreted by the Redlich-Peterson isotherm. The experimental values of the adsorption capacities of Pb 2þ , Cu 2þ , Ni 2þ , and Cd 2þ on to TDPI could reach up to 437.2, 491.6, 493.7, and 481.9 mg.g À1 respectively. The exothermic nature of the process, the affinity of the adsorbent towards the metal ions and the feasibility of the process are explained in the thermodynamic parameters. The resin stability and re-usability studies suggest that the resin is chemically stable (0.3 N HCl and H 2 SO 4 ) and could be regenerated without any serious decline in performance.
INTRODUCTION
Activated carbon is one of the most widely used adsorbents in the adsorption process. Adsorption is one of the most effective and simplest approaches to remove toxic heavy metal pollutants from aqueous systems. Even though activated carbon seems to be economically attractive, it suffers from costly regeneration and low adsorption capacity. Therefore, the search for alternative adsorbents has resulted in the development of polymer-based adsorbents for pollutant removal from water (Pan et al. ) . Recently, aminomethyl pyridine functional group in a silica matrix was reported for selective adsorbent of Cu 2þ (Bai et al. ) . A functional group such as dihydroxy imidazole was used for efficient and selective extraction of uranium from aqueous solution (Yuan et al. ) .
Major drawbacks in polymeric chelating adsorbents are:
involves multiple synthetic routes such as preparation of polymer matrix; introduction of chelating monomer into the polymer matrix; and immobilization of the chelating group. Only carbon chain polymers such as polystyrene, methyl methacrylate, glyceraldehyl methacrylate were used as polymeric chelating adsorbent and lack environmental and chemical stability.
An alternative to this problem is to use chemically and thermally stable polymers for metal ion adsorption. Even though such polymers possess excellent environmental stability, introduction of a chelating group is challenging work.
In the recent past, polyamides, polyesters, and polyimides have been emerging as potential alternatives to carbon chain containing polymeric chelating adsorbents. We have investigated potential alternatives to carbon chain polymers with polyamides, polythioamides, and polyimides bearing different functional groups which are present in the polymer backbone which could be utilized for metal ion adsorption. Polyamide bearing azomethine and thiourea as the functional group was found to be an effective adsorbent for the removal of Pb 2þ , Cu 2þ , Ni 2þ , and Cd 2þ (Kirupha et al. ) . Polyamides in which the azomethine group is present as pendant chlorobenzylidine rings was found to be highly effective under competitive conditions in which the adsorption capacities were in the order Cu 2þ > Pb 2þ > Cr 3þ > Cd 2þ (Murugesan et al. ) . Polyimine with thiourea as the functional group was an equally effective adsorbent for the removal of Zn 2þ and Ni 2þ . Introduction of the pyridyl functional group in addition to azomethine and thiourea functional groups in a polyamide backbone has resulted in higher adsorption capacities for the removal of Cu 2þ and Pb 2þ (Kirupha et al. ) .
Therefore, introduction of different functional groups in a polyamide or polyimide backbone, which can effectively bind with metal ions could be an effective alternative to chemically modified chelating polymers. Major advantages of such types of adsorbents include being chemically resistant, very low percentage of swelling in the aqueous media, and higher binding capacity. More importantly, these resins have higher regeneration ability and are easy to recycle (washing with 0.1 N H 2 SO 4 or HCl). In the present investigation, we have designed and synthesized a new and effective adsorbent poly [2,5-(1,3,4- The polymeric adsorbent was synthesized using a simple condensation technique (Tsai et al. ) . Equimolar quantities of 2,5-diamino-1,3,4-thiadiazole and terephthalaldehyde were heated under reflux condition in DMF solvent. After 15 minutes, the system was connected to a vacuum pump and the aziotrope was distilled out. The contents were heated in an oil bath with magnetic stirrer at 140 W C for 72 hours. The contents were poured into water along with stirrer and the precipitated polyimine was filtered, washed with hot water and finally with ethanol. The vacuum dried adsorbent was used for batch-wise adsorption experiments.
Adsorption experiments
The Pb 2þ , Cu 2þ , Ni 2þ , and Cd 2þ uptake capacities of the adsor- The pH value of each metal ion solution was adjusted with 0.4 N acetic acid and sodium hydroxide solution. When the adsorption experiments were complete, the mixture was filtered and the metal ion concentration was determined using atomic adsorption spectrophotometer (AAS).
The adsorption kinetics on the uptake of metal ions was studied by placing 1 g of TDPI with 100 mL working solution in a flask shaken at 35 W C. The initial pH of the working solution was adjusted to 6 and the solutions were taken at different time intervals for analysis. In the adsorption isotherm experiments, the initial pH was adjusted to the value of 6 at a dosage of 0.02 g of adsorbent equilibrated with 20 mL of metal ion solution with different initial metal ion concentrations. All suspensions were shaken at 35 W C for 60 minutes and the solid was separated by filtration. Initial and equilibrium metal ion concentrations in the aqueous solutions were determined by using AAS. The amount of metal ion adsorbed by the adsorbent was calculated according to the following equation:
where q e is the adsorption capacity of the polymer, C e and C o are the equilibrium and initial metal ion concentration taken,
V is the volume of aqueous phase, and W is the weight of the dried adsorbent (g). All the experiments were conducted four times and the average value was taken.
Analytical method
Infra-red (IR) spectra were carried out on a Spectrumone, Perkin Elmer ATR spectrophotometer using KBr pellets around the 4,000-400 cm À1 region. The solution 1 H-NMR spectra were recorded on a Bruker-500 MHz instrument with DMSO-d 6 solvent. 13 C-NMR spectra were obtained using Bruker-500 Mhz. The morphology of the adsorbent and the metal ion adsorbed adsorbent was examined on a Leo Gemini 1530 scanning electron microscope (SEM) at an accelerating voltage of 15 kV.
Stability tests
In order to examine the re-usability of TDPI, the metal ion adsorption-desorption cycles were repeatedly performed five times using the same adsorbent by batch operations.
The adsorption was carried out by shaking 0.02 g adsorbent with 20 mL of 1 g. 
RESULTS AND DISCUSSION

Characterization of monomer and polymer TDPI
The chemical scheme for the synthesis of monomer and polymer are shown in Figures 1 and 2 , respectively.
The structure of monomer 2,5-diamino-1,3,4-thiadiazole and polymer TDPI are characterized using spectroscopic analysis. The IR spectrum of monomer and the polymer TDPI is shown in Figure 3 . In the monomer the -NH 2 stretching frequency is observed around 3,100 cm À1 . Formation of -N¼CH2 2 (imine) links between free -NH 2 of monomer and -CHO of terephthaldehyde is clearly observed at 1,694 cm À1 (stretching frequency of -N¼CH2 2)
in the polymer. The -N¼CH2 2 protons appeared at δ ¼ 8.73 ppm. The structure of the polymer was further subjected to 13 C-NMR analysis. 13 C-NMR spectrum of polymer TDPI is shown in Figure 5 . The C 1 , C 2 , C 3 , and C 4 of the polymer corresponds to δ ¼ 164, 130, 129, and 115 ppm, respectively, which clearly confirms the structure explained in Figure 2 .
Adsorption behavior of TDPI
Effect of pH on adsorption
The solution pH is an important parameter for metal ion sorption, because it has a remarkable effect on the speciation of metal ions as well as the surface charge and binding sites for the adsorbent. The adsorption capacities of Pb 2þ , Cu 2þ , Ni 2þ , and Cd 2þ onto TDPI adsorbent were determined in the range of 3.0-7.0 as shown in Figure 6 . From the results it is evident that the adsorption capacities increase within the pH range 5.0-6.0 and the maximum metal uptake was obtained Only beyond a pH value of 10 does precipitation of metal ions take place. At the optimum pH of 6 only the adsorption process is in operation rather than precipitation.
Effect of adsorbent dosage on adsorption
Adsorption dosage is also an important factor in batch adsorption studies to determine the optimum dose. The that at higher adsorbent dose, functional groups present in the adsorbent also increase, consequently better adsorption takes place. Maximum removal was gained at 60 mg and no further substantial increase was noted beyond 60 mg adsorbent dose. Therefore, an optimum adsorbent dosage of 60 mg was kept for all subsequent experiments.
Effect of contact time on adsorption, kinetics, and adsorption mechanism
In order to evaluate the rate of adsorption reaction for Pb 2þ , Cu 2þ , Ni 2þ , and Cd 2þ ions onto TDPI, adsorption experiments covering different contact times (10-100 minutes)
were performed at an initial individual metal ion concentration of 100 mg/L. The adsorption capacities of Pb 2þ , Adsorption kinetics provides information about the rate controlling mechanism of the adsorption process.
The reaction rate of the adsorbate uptake, which is required for selecting the optimum operating conditions for the full-scale batch process, can be elucidated with adsorption kinetic studies. To interrupt the kinetic studies of the metal adsorption process, Lagergren pseudo-firstorder model, pseudo-second-order model, and intraparticle diffusion model were used to evaluate the experimental data.
The literalized form of pseudo-first-order rate equation by Lagergren and Svenska (Lagergren ) is given as:
where q e and q t are the amount of metal ion adsorbed at equilibrium and at contact time t (min) and K ad (min À1 ) is the rate constant. From the plot of log (q e À q t ) versus time t, the rate constant k 1 and correlation co-efficient R 2 are calculated and listed in Table 1 .
The experimental data were also fitted by the pseudosecond-order kinetic model which is given by the equation below:
where h ¼ kq e 2 (mg.g À1 min À1 ) can be regarded as the initial adsorption rate as t → 0 and k is the rate constant of pseudosecond-order adsorption (g.mg À1 min À1 ).
The intraparticle diffusion model is expressed by the equation given by Weber & Morris ()
where C is the intercept and K p is the intraparticle diffusion rate constant (mg/gmin 1/2 ), and t is the time (min). The R 2 values and other kinetic parameters of pseudo-secondorder and intraparticle diffusion kinetic models are presented in Table 1 . 
Effect of initial metal ion concentration and adsorption isotherm
The effect of initial metal ion concentration has a significant influence in determining the adsorption capacity of the resin. With the initial metal concentration in the range of 100-500 mg/L and at optimum conditions, percentage adsorption studies were carried out and the behavior is shown in Figure 9 . It was clear from the results that with an increase in initial metal ion concentration adsorption capacity increases due to the presence of a large number of active sites available initially in the adsorbent. The initial concentration may provide the driving force to overcome the resistance to the mass transfer of metal ions between liquid and solid phases (Srivastava et al. ) . The initial concentration is higher, and then the driving force was higher, and therefore the adsorption capacity would be higher.
It is not appropriate to use the coefficients in the deter- 
where C e is the supernatant concentration at the equilibrium state of the system (mg/L), q m (mg/g) and K L (L/mg) are the Langmuir constants, representing the maximum adsorption capacity for the solid phase loading and the energy constant related to the heat of adsorption, respectively.
The plot of C e versus q e was plotted and the values of q m and K L are presented in Table 2 . In general, K L ! 1 indicates the unusability of the resin. K L ¼ 1 means reversible process, K L ¼ 0 indicates irreversible process and 1 > K L > 0 indicates the suitability of resin for the adsorption process.
The values of K L of Pb 2þ , Cu 2þ , Ni 2þ , and Cd 2þ ions at room temperature are in the range 0.0254-0.0911 (Table 2) , indicating the suitability of TDPI for the adsorption of the metal ions from aqueous solution.
The Freundlich sorption isotherm model is the earliest known relationship describing the sorption process. The model applies to adsorption on interaction between the heterogeneous surface and the adsorbed molecule, and the application of the Freundlich equation also suggests that sorption energy exponentially decreases on completion of the sorptional centers of an adsorbent. The isotherm is an empirical equation which can be employed to describe the heterogeneous systems and is expressed as follows:
where K f is the Freundlich constant ((mg/g)(L/mg)(1/n)) related to the bonding energy. K f can be defined as the adsorption or distribution coefficient and represents the quantity of metal ions adsorbed onto the adsorbent for unit equilibrium concentration. 1/n (g/L) is the heterogeneity factor and n is a measure of the deviation from linearity of adsorption. The values of K f and n are calculated and listed in Table 2 .
The Redlich-Peterson isotherm is a hybrid isotherm featuring both Langmuir and Freundlich models (Redlich & Peterson ) which incorporates three parameters into an empirical equation and can be applied either in homogeneous or heterogeneous systems due to its versatility (Foo & Hameed ) . It approaches the Freundlich isotherm model at high concentrations and is in accordance with the low concentration limit of the ideal Langmuir condition. The equation is given as:
where q e is the amount of adsorbate in the sorbent at equilibrium (mg/g), C e is the equilibrium concentration (mg/L); Figure 11 . Similar conclusions may be drawn for the other investigated metal ions. To further corroborate the findings, the bare and metal ion adsorbed TDPI were subjected to solid state UV studies and the results are shown in Figure 12 . It is clear from the UV spectra that the metal ion adsorbed TDPI shows absorption in the region of 650 nm when compared to the raw TDPI, which supports the formation of metal complexes with TDPI.
Thermodynamics of adsorption
The effect of temperature on the adsorption of Pb 2þ , Cu 2þ , Ni 2þ , and Cd 2þ ions onto the chelating resin TDPI has been studied over the temperature range of 303-333 K under optimum condition. It can be observed that the amounts of Pb 2þ , Cu 2þ , Ni 2þ , and Cd 2þ ion adsorption decreased with an increase in temperature, which indicates that the process is exothermic in nature ( Figure 13 ). The value of thermodynamic parameters such as Gibbs energy (ΔG), enthalpy (ΔH), and entropy (ΔS) are estimated using the relation:
where K d is the distribution coefficient, C e is the equilibrium metal ion concentration in solution (mg/L), C Ae is the amount of metal ion adsorbed onto TDPI per liter of solution at equilibrium (mg/L), R is the gas constant (8.314 J/mol/K), and T is the temperature (K). The values of (ΔG ads ), (ΔH ads ), and (ΔS ads ) are calculated and listed in These results indicate that the adsorbent TDPI could be regenerated for re-use without a serious decline in performance.
CONCLUSION
Poly [2,5-(1,3,4-thiadiazole)-benzalimine] (TDPI) resin was prepared as a new adsorbent for removing Pb 2þ , Cu 2þ , Ni 2þ , and Cd 2þ ions from an aqueous solution.
The maximum adsorption capacities of TDPI adsorbent for all four metal ions calculated from the Langmuir isotherm were found to be 437.2 mg/g for Pb 2þ , 491.6 mg/g for Cu 2þ , 493.7 mg/g for Ni 2þ , and 481.9 mg/g for Cd 2þ , respectively, which are higher than other polymeric chelating adsorbents (Table 4 ). The adsorption process for the metal ions onto TDPI fits well to pseudo-secondorder kinetic model, and the best adsorption isotherm was found to be the Redlich-Peterson model. The adsorption process is spontaneous (ΔG ads < 0), exothermic (ΔH ads < 0), and reversible (ΔS ads < 0). For regeneration 
